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Abstract 
Rock art containing caves are significantly affected by microbial 
colonization. Due to the need for preserving these unique 
paintings, there is an increasing interest in understanding the 
microbial communities involved in these negative processes. 
Recent studies on the development of different colonies using 
advanced molecular techniques are revealing the presence of a 
high proportion of unidentified microorganisms in caves holding 
prehistoric paintings. The metabolic capabilities of these microbes 
are so far unknown. Interestingly, these microorganisms are 
metabolically active in situ as shown by RNA-based molecular 
surveys. Understanding the role of the microbial community on 
these caves is a first requirement to attempt an effective 
conservation of these prehistoric paintings. 
? 
 
Introduction 
Prehistoric paintings are almost the only 
representations of art by our very first 
ancestors. Caves containing prehistoric 
paintings attract the interest of scientists as 
well as the general public. Massive tourist 
visits to prehistoric paintings generate a 
potential risk for the conservation of these 
caves. Some of the most famous caves, such 
as Altamira and Lascaux, are currently closed 
to the public due to accelerated deterioration 
(Schabereiter-Gurtner et al. 2002; Holden, 
2002). 
 
The prehistoric paintings we know today have 
been naturally preserved due to the stable 
environmental conditions existing in these 
caves. However, the affluence of large 
numbers of visitors result in microclimate 
changes leading to unpredicted effects with 
serious negative consequences for the 
conservation of these unique paintings. 
 
Microorganisms are everywhere and caves are 
no exception. Microbial colonization of cave 
walls is significant and wide spread. However, 
these microbial communities are unknown and 
consequently of unpredictable long-term 
effects. Current research initiatives are 
focusing on deciphering the complex 
composition of the microbial communities 
developing on rock art paintings. 
 
The methodology currently available for 
detecting microorganisms in natural samples 
can be classified in two major groups, culture-
dependent and culture-independent methods 
(Ward et al. 1990). Culture dependent 
methods require the growth of 
microorganisms on culture media. Thus, those 
microorganisms unable to develop in the 
medium and incubation conditions provided 
will never be detected. The major advantage 
of culturing techniques is that the metabolic 
capabilities and physiology of the 
microorganisms can be studied in detail and 
novel strains or species can be characterized. 
Culture-independent methods do not need 
cultivation of microorganisms since they are 
detected in situ. Although there are several 
culture-independent strategies available, the 
more frequently used are the molecular 
techniques. Molecular techniques rely on the 
specificity of the nucleic acid sequences for 
detecting and differentiating microorganisms. 
Molecular methods allow highly sensitive and 
unambiguous detection of microorganisms in 
situ. Generally, the identification of 
environmentally-extracted DNA fragments is 
based on the 16S ribosomal RNA (16S rRNA) 
gene which offers a conserved sequence and 
the most complete database available today 
for any type of gene sequences (Woese et al. 
1990). The disadvantage of molecular 
methods is that the physiology of the 
detected microorganisms can not be easily 
investigated.   
 
Using these methodologies, microbiologists 
are currently focused on deciphering the 
composition of the microbial communities 
developing on cultural heritage and figuring 
out their role and consequences for preserving 
rock art. 
 
Methodology 
Molecular methods have been recently 
introduced into microbiological research in the 
field of cultural heritage. The basic protocol is 
outlined in Figure 1 and requires the extraction 
of nucleic acids from a given sample, followed 
by amplification of the gene of interest 
(generally, the 16S rRNA) by PCR, DNA library 
construction and clone screening, biodiversity 
analysis through microbial community 
fingerprinting techniques, DNA sequencing, 
bioinformatic analysis of sequences, and final 
identification of microorganisms and their 
closest phylogenetic relatives.  
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Figure 1. Basic protocol for the molecular analysis of 
microorganisms. This scheme represents a culture-independent 
strategy allowing the in situ detection of the microorganisms 
present in cultural heritage samples 
 
Novel improvements in the molecular analysis 
of complex microbial communities are being 
developed within the cultural heritage field 
(Schabereiter-Gurtner et al. 2001; Gonzalez et 
al. 2003, 2005a and 2005b) and in other 
cases imported from other biological scientific 
areas. Sample or treatment comparison can be 
performed by analysis of microbial community 
fingerprinting techniques since each sample 
can be represented by the molecular 
fingerprint based on the retrieved 16S rRNA 
genes. There are several fingerprinting 
techniques available (SSCP, t-RFLP, DGGE) 
although the Denaturing Gradient Gel 
Electrophoresis (DGGE) is the most frequently 
used in cultural heritage studies (Gonzalez and 
Saiz-Jimenez, 2004).  
 
Recently, we are introducing the use of RNA-
based analysis as a complement to standard, 
DNA-based molecular studies of microbial 
communities. While DNA offers information on 
the presence of microorganisms in a sample, 
RNA permits the detection of those 
microorganisms metabolically active. This is 
because the amount of RNA per cell is 
proportional to its metabolic activity and RNA 
is rapidly degraded when not needed (Molin 
and Givskov, 1999). In our case, these active 
microorganisms are the ones directly 
responsible for the development of undesired 
colonies on the paintings under the current 
environmental conditions. However, if 
conditions change over time, the 
microorganisms present at the studied site can 
become metabolically active and become 
actively growing and implicated in 
transformations or colonizations potentially 
leading to unpredictable changes in caves and 
paintings. 
 
The microorganisms present in Altamira Cave 
were first approached by culturing techniques 
and the major group of detected 
microorganisms belonged to the Class 
Actinobacteria (Groth et al. 1999; Laiz et al. 
1999). Culturing strategies although requiring 
the growth of microorganisms are extremely 
useful since they allow detailed studies of the 
metabolic capabilities and physiology of the 
microorganisms. However, the proportion of 
microorganisms detected from culture-
dependent and –independent methods are 
generally in disagreement (Laiz et al. 2003). 
Once a microorganism is cultured, its growth 
conditions, carbon substrate utilization, 
participation in nitrogen and sulfur compounds 
transformation, among other characteristics, 
can be examined. Thus, the function, 
environmental role, and potential impact on 
cultural heritage can be easily analyzed. 
 
Current state-of-the-art 
Current studies being carried out in Altamira 
Cave are revealing the existence of highly 
complex microbial communities. Molecular 
studies performed during the analysis of these 
samples were first based on DNA 
(Schabereiter-Gurtner et al. 2002). Thus, the 
number of microorganisms detected was too 
high to be able to study a significant fraction 
of them. Recently, we are initiating molecular 
analysis based on RNA which should indicate 
us which microorganisms within the total 
microbial community are showing metabolical 
activity. This initiative presents two major 
advantages. First, we are able to detect those 
microorganisms actually involved in the 
colonization process in the cave. Second, the 
fraction of metabolically active 
microorganisms in a given sample is much 
lower than the total number of 
microorganisms. Therefore, we were able to 
detect the fraction of active microorganisms 
and so significantly reduce the number of 
microorganism to be studied in detail in order 
to approach their effect on the 
biodeterioration of the cave walls. 
 
Although these molecular tools provide with 
valuable methods for the detection and 
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identification of microorganisms in complex 
microbial communities, there is still a long 
way for understanding the behaviour of these 
communities and their potential effects on the 
preservation of prehistoric paintings. The 
reason is simple but it has a difficult solution. 
The results revealed the presence of a high 
proportion of microorganisms showing highest 
similarity to uncultured microorganism. This is 
in agreement with the results obtained by 
other authors in a variety of substrates of 
cultural heritage interest and greatly slows 
down the progress in the field. These results 
imply that we are unable to deduce the 
potential metabolic capabilities of the 
unknown microorganisms detected during the 
studies. As a consequence, it is difficult, and 
generally impossible, to reach any scientific-
based conclusion on the potential 
biodeterioring effect of the microbial 
community and specifically of its component 
microorganisms. 
 
Recent research on this topic have shown the 
presence in Altamira Cave of unsuspected 
types of microorganisms. The fist example is 
the presence of Acidobacteria representing up 
to almost a 25% of the total number of cloned 
sequences analyzed from the cave. At 
present, the Phylum Acidobacteria has only 
three cultured and described representatives 
(Acidobacterium capsulatum, Geothrix 
fermentans, and Holophaga foetida) and over 
a thousand sequences deposited in DNA 
databases from molecular surveys of microbial 
communities. The diversity within this phylum 
is believed to be comparable to the diversity 
known within the Phylum Proteobacteria, 
probably the widest and most diverse bacterial 
phylum known today (Hugenholtz et al., 
1998; Quaiser et al., 2003). Therefore, the 
role of Acidobacteria in Altamira Cave is so far 
completely unknown and their diversity is 
greatly above any expected prediction 
(Zimmerman et al. 2005). 
 
A study being carry out at Altamira Cave have 
revealed the presence of metabolically active 
low-temperature Crenarchaeota. The presence 
of a highly diverse community of these 
Archaea in Altamira Cave and the fact that 
they show metabolical activity represent 
unique findings since they have never been 
detected in this environment and their activity 
had not been shown in microbial ecology. 
DNA-based molecular surveys have shown the 
presence of low-temperature Crenarchaeota in 
diverse environments (Hershberger et al. 
1996; Schleper et al. 2005). However, at 
present, there is not a single cultured 
representative of the low-temperature 
Crenarchaeota and as a consequence, we are 
completely unaware of their metabolic 
capabilities, functional role in their habitats 
and potential physiology. 
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Figure 2. Comparative microbial community fingerprints by DGGE 
obtained from DNA- and RNA-based molecular approaches from 
Altamira Cave samples. RNA-based identified microorganisms are 
indicated 
 
During a molecular survey of differently 
coloured colonies actively developing on 
Altamira Cave walls, strict anaerobes have 
been detected as metabolically active 
microorganisms on superficial samples taken 
from these colonies. Among these 
microorganisms, sulphate-reducing bacteria 
related to Desulfovibrio, or Thauera related 
microbes have been detected from the 
presence of 16S rRNA in the RNA pool 
extracted from the analyzed samples. These 
results clearly suggests the involvement of 
anaerobic processes in the already 
complicated microbial interactions going on at 
these complex microbial communities 
colonizing the cave walls. 
 
Future perspectives 
Molecular tools solve the problem of detecting 
the biodiversity constituting the total microbial 
community, the metabolically active microbial 
community, and the identification of the 
specific microorganisms composing each of 
these two populations. However, the presence 
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of a high number of unknown microorganisms 
requires further investigation. While classical 
microbiological methods where based on the 
culture of microorganisms and by the end of 
last century a requirement of culture-
independent methods was getting imposed for 
the survey of microorganisms in natural 
environments, now at the turn of a new 
century the microbiologists are again in need 
of culturing techniques. Currently, culturing 
techniques are needed to ascertain the 
metabolism and physiology of a large number 
of microorganisms only known by being 
detected by molecular methods. 
Consequently, molecular and culturing 
methods are complementary. 
 
Other strategies might come up in a near 
future due to the fast pace of scientific 
progress in these days (Gonzalez, 2003). 
Assuming a large fraction of the uncultured 
microorganisms will be difficult to culture and 
the microbiologists are not able to do so in the 
next decade, complex approaches based on 
current metagenomic techniques (e.g., 
Schleper et al. 2005) or a variety of other 
molecular techniques still not frequently used 
in cultural heritage (Gonzalez, 2003) might be 
solutions to decipher the role and metabolism 
of some of those unculturable microbes. The 
complexity involved in the use of genomic 
approaches might represent something out of 
the reach for modest cultural heritage 
budgets, but it is a clear indication that our 
field of research is at the cutting edge of 
scientific development. 
 
Perhaps the major consequence of having still 
a large fraction of unknown microorganisms 
whose role in their habitats remains to be 
understood is that, as far as this required 
knowledge is not in our hands, the best 
strategy to be followed for prehistoric 
paintings is to maintain the original conditions 
which permitted the conservation of rock art 
for thousands of years. 
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